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ABSTRACT

Singledigit-nanometer electroe®-resonator gaps
have enabled 20MHz radiatcontour mode polysilicon
disk resonators with motional resistaritas low as 144/
while stillpostingQbs exceeding 10, 00
dc-bias. The demonstrated gamsmgs down to 7.98nm
are the smallest to date for uppéidF micromechanical
resonators and fully capitalize on the fourth power depend
ence of motional resistance on gap spacing. High devic
yield and ease of measurement debunk popular prognost
cated pitf#ls often associated with tiny gaps, e.g., tunnel-
ing, Casimir forces, low yield, none of which appear. The
devices, however, are more susceptible to environment:
contamination when unpackaged. The tiny motional re-
sistance, together witlC{/C;) 6 s u pat 4t7\¢ deldia%
and Cy/Co)-Q products exceeding 100, propel polysilicon
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INTRODUCTION
The promise of #-10-nm gapshaslong enticed re-

Fig. 1. (a) The contour mode disk resonatalescribe:
herein in a typical operating circuivith dimensions ar
the mode shap (b) Device crossection.
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in a typical bias and excitation circuit, together with dimen-

searchers pursuing capacitigap transduced microme-
chanical resonators operating at upyétF and beyond.

sions and operating mode shape. The device is similar in

This is because the theoretical fourth order dependence 8ffucture to that of2] but differs in its much smaller gap

motional resistance on electrotieresonator gap spacing

spacing and in its usd 3-mm-thick interconnects to reduce

predicts that Capacjm'}_gap transduced resonators will out- interCOI”lneCteSiStanCEWhiCh helpS to isolate the intrinsic

perform piezoelectric ones in both coupling @advhen
gaps get below a certain threshalddeed, the former al-

Q and motional resistance during measurement.
The device operatdsy vibratingupon application of

ready outperform the latter in both metrics at HF and lowan appropriateombination ofic-biasVe plus ac excitation

VHF frequenciegl], [2], [3], which is why capacitivgap

Vdrive ACrOSS its electrodm-resonator gajp/], where exci-

transduced resonators have dominated the MEMS timingation atits radiatcontour moderesonance frequendg-

market. At higher frequencies, e.g., uppétF and be-
yond, while capacitivgyap devices have the high@gs, pi-

duces vibration ithemode shape depictedhig. 1(a). The
resulting debiased timevarying electroddo-resonator ca-

ezoelectric ones had considerably higher coupling. That ipacitancethen source anoutput currenicross the device
until now. The 7.98nm gaps demonstrated herein offer 7.kerminals inFig. 1(a). The magnitude of currenat reso-

timesmotional resistancBy reduction ovef2] and for the

nance is governed by tingotional resistancBx in the con-

first time enable capacitivgap transduced resonators atdensed equivalent circuit &ig. 2, which takes the form

200 MHz withRy of 144N and & C,/Co)-Q ~100,more than
2 times that of the neargsteviously publishedpperVHF
(i.e., 156300 MHz) resonator§4], [5].

.0 0"Q

el 1
TS5V (1)

This paper briefly details the theory, fabrication, andwhereQ is the quality factoryr is the debias,d, is the air

demonstration of singldigit-nm gap polysilicon resona-

gap,U is the vacuum permittivityR is the disk radiuH is

tors, then illustrates how the equivalent circuits of such dethe disk thicknesscis a constant that relates the static

vices enable oscillator and filtering applications ttald
catapultMEMS-basediming and frequency contralapa-
bilities to levelsthat permitgreater cognitive abilities in
communicatiorsystemg6].

DEVICE OPERATION AND MODEL
Fig. 1 presentaperspective iew of the disk resonator

mass of the disk to its dynamic mdg$, Kmatis a dimen-

sionless frequency paramef@ét, Ei s t he Youngds
lus of the resonator structural material, arid the density

of the resonator structural materibdere, the smaller the

R« the larger the current, so many applications prefer a
smallRy. This, together withhte fourth power dependence

of R on electroddo-resonator gap spacindy, fuels the
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Fig. 2: Condensed equivalent circlietween the drive a
sense terminals of tHég. 1 device
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Fig. 3: Portions of the fabrication process flow focusini
the ALD sidewall sacrificial spacer that defines the sif
digit-nm gap.

desire to shrinkl,.

Thedevice becomes more effectivevariousapplica-
tions as the ratio d®x to C, in theFig. 2 equivalent circuit
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Fig. 4: SEM of a fabricatedingle-digit-nm gap contot
mode polysilicon diskesonator

The next most criticaltsp in the process is the device
release, which now entaifaultiple piranha and HF soaks
to adequately cleahe gaps. Contrary to populaxpecta-
tion, residual stress was not@ concern, as the process
permits a surprisinglitigh (>90%) functional deice yield,
even without a stress annefaily. 4 presentsvide-view and
zoomin SEMs of a fabricated $im-gap disk resonator
emplasizing the much smoother resonatoesidlls than
electrode sidewalls, the latter of which were etched via a
conventional DRIE recipe

RESULTS AND DISCUSSION

For comparative purposeshet fabrication process
achievel not only singledigit-nm gaps via ALD, but also
larger gaps from 10 nm &) nmvia appropriate deposition
types, e.g.LPCVD. Once released, devices were quickly
transferred into a LakeshoF&V/PX Vacuum Probe Station
that provided d&00nTorr vacuum envbnment as well as
probes and access pottat connect toutside measure-
ment instrumentationin actual measurement, an Agilent
E5071C network analyzer provided the drisignal and
sensegoortin the circuit offig. 1(a).

For singledigit-nm gapdevices, the besixperimental

rises In designable parameters, this ratio takes the form o5, its came upon immediate measurement after rélease

6 @ - v—

5 075 © @

where again shrinkind, very quickly improves the metric.

Nextgeneratiortiming and RF channelelectapplications
expected to enable transforivat changeq6] [8] prefer

something not needed for larger gap devitesger wait
times between release and measurement resulted in de-
graded performance, e.g., low@r suggesting larger sus-
ceptibility to contamination, e.gmoisture condensation,
which one might expect with gaps this small. Once in vac-
uum, however, devices stabilized and other popular con-

simultaneousQ and C,/C, in the range of >10,000 and cerns about gaps this small, whether real or mythical, e.g.,

~1%, respectively.

FABRICATION

Fig. 3 briefly summarizeshe surfacemicromachining
fabrication process that achieves sindigit-nm-gap de-
vices largely based othe process used iff]. The main
difference from9] is the criticalgap-defining stepof Fig.
3(b), which nowemploys an ultramooth polysilicon etch

tunneling, Casimir forces, did notaterialize.

Fig. 5(a) presents vacuummeasuredtransmission
spectra (both actual and sans parasitic interconnect/meas-
urement resistance) versusluasfor a13.4y§m-radius ra-
dial-contour mode petilicon disk showing a 199.8 to
199.5MHz frequency excursion over 0.6 to 2.5V witlpa
of 12,298 at 0.6VFig. 5(b) presents a curve fit of reso-
nance frequency versudcbias using electrical stiffness

recipe[2], careful cleaning, and ample hydroxylation be-{haory[7] that confirms an electrode-resonator gap spac-

fore an SiQ ALD step that establishes the sti®-nm gap
defining oxide The use of ALDn lieu of theLPCVD high
temperature oxide deposition of previous proceggesut-
right enables thény gaps achieved here.

ing of 7.98nm.The scat here is perhaps best conveyed
with the recognition that this gap corresponds to @0k
25 SiG molecules!

While Casimir effects were not seghgory predicts
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Fig. 5: (a) Measured frequency spectra as a function €
bias voltagethat permit (b) curvefitted extraction of tt
gap value and (c) a plot of motional resistance vs. V
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Fig. 6: Plot of pulkin voltage including and not includi

Casimir force corfirming our inability to see their infli

ence even in the@mgap device.

thattheir influence ismminert as gaps continue to shrink
For instancewhen accounting forCasimir force the ex-
pressios governingthe dcbias voltage that pullfor
stretchesjhe disk into its electrode take the form

oQ o “ o0 Y-
¢ _ctaml 3)
, QQ “ow
® -0 OFrQ

whereVp is the pullin voltage,dp; is the critical pulin
gap spacing, i s t he
speed of light, and; is the effective remator stiffness
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Fig. 7: Measured C/C,) and (G/C,)-Q as functios of dc
bias voltage for &.4-nm-gap 200MHz disk.

the predictegull-in voltage forthe 8-nm-gapdisk of Fig.
1 of 18.3V still permits acalculatedmotional resistance of
0.2W, which is quite small

Unfortunately, devices pulled in well befold.3V,
possibly becausg) assumes the disk stretchmsmmetri-
cally into the electrode and ignores the possibility of stem
failure. Although debias constraints preclud®ld s a's
as 0.2V, they still permitted unprecedented low values for
capacitivegap transduced disks. For examplig,. 7 shows
a plot ofmeasurednotional resistancB, versus debiasfor
a 9.4-nm-gap 200-MHz device where 2.5V yields only
144N, whichis commensurate wittonventional RF appli-
cations Fig.7 presentthe correspondinglot of (C/Co)-Q,
showing an impressive figure of merit of 100.

Fig. 8 compares the performance of 2BHz polysil-
icon disk resonators with wing electrodeto-resonator

gaps. Here, even though smaller gaps impose smaller max-

imum debias voltages and seem togslily reduceQ, they
still enable highefC/Co) 6 s, a(EJCyr@d d ,
which increase a%/d,>®. The figure also shows hoR
still decreases ad'>?> when accounting for the observed
dc-bias andQ constraints.

Table1 compares théevice ofFig. 1 with other up-
perVHF MEMS resonators in the literature using various
transducers, showing clear advantages.

APPLICATION OPPORTUNITIES

The expected impaaif 8-nm electroddo-resonator
gaps pehaps best manifests in the applications they make
possible. For instance, the simultaneous coupling of 1%
with Q of 12,298makes possiblaFig. 2 equivalent circuit
with Ly = 223.591H, C, = 2.83fF, R = 22.84N, andC, =
283fFthat in turn enableshannelselect filters using many
more resonators than demonstratefdin

To illustrate,Fig. 8 presents frequency response simu-

modi f i e disthd alations torsChebyshews filtadike that of[9] butcentered at

200 MHz with bandwidths of 400 kHz andingthreeres-

Fig. 6 solves angblots(3) against the traditional expression onators instedof just twofor sharper passband to stopband

for pull-in voltage [10], suggestingthat Casimir force
begin to influene when the gap approaches 6, sm are
not yet apparent for the currenh& gap devicdJsing(3),

transitions One simulation(dotted line) assumes resona-
tors like those of9], with 40-nm gaps with consequent
passband distortion that renders the resppnsklematic
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Fig. 9: Frequency responseénsulations for an RF chann«
select Chebyshev bandpass filter using previous resol
versusthenew 8nmgap resonators.

Tablel: Comparison chart with other technologies.

fo Cx/Co Rx Area
RtV by | @) | (v) O Q1 um?)
mpe | 85 | 086 | 125 | 2,100 | 18 | 10,000
5° | 108 | 070 | - | 6300 50 | 72,000
we | 220 | 160 | - | 2500 | 40 | 9,000
n2e | 149 | 048 | 460 | 10,000 48 | 21,200
21° | e0 | 1.62 | 54 | 29640 480 | 3,200

[13]d 123 0.75 1,250 | 2,271 17 1,600
This
Workd

3piezoelectric’Piezoelectrieon-Si, “Quartz “Capaitive

200 1.00 144 | 12,298 | 100 718

) i higher frequencys always welcomeGigahertz resonators
Fig. 8: Plots of various measgred parameters versus with singledigit-nm gaps arékely on the horizon.
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